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1.-Introduction 30
Waste is one of society's more important concerns because of the large volume of residues generated and 31 the challenge that its composition represents to the communities (WEC, 2016) . Circular economy has become a 32 M A N U S C R I P T
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the use of hydrogen. It is removed by catalytic synthesis of water in a deoxo reactor, and it is dehydrated before 113 being mixed with the biogas. 114
The third stage of the process consists of the methanation of the CO2 within the biogas. It is a difficult 115 stage since the presence of methane in the mixture reduces the yield of the reaction and an excess of hydrogen is 116 needed. The gas phase is fed to the reactor at the appropriate temperature and pressure. A system consisting of a 117 compressor followed by a heat exchanger is used. The order is such that the system benefits from the temperature 118 of the gas after compression. In the reaction water is produced. To reduce the consumption of water, it is recycled 119 to the electrolyzer. The excess of hydrogen required to drive the equilibrium to methane is recovered using 120 membrane made of palladium and it is recycled back to the mixing point between biogas and hydrogen. In Figure 1 
Process model. 127 128
The process described in section 2 is modelled unit by unit using a first-principle based approach, 129 including mass and energy balances, thermodynamic principles for gas processing, phase equilibrium for gas -130 liquid contact, chemical equilibrium for reactor yield estimation, as well as rules of thumb and experimental data for 131 the yield of particular equipment such as wind turbines, solar panels and electrolyzers, see Grossmann and Martín 132 (2012) for a summary of the alternative modelling approaches and Martín (2016) for the basic principles. The main 133 variables of the model are the mass flows as well as the operating temperatures and pressures of each of the units. 134
The solution to the design will lead to the optimal values for each one of them, as well as the selection of the use of 135 the power source, the PV panels and/r the wind turbines. For this process, the species involved are within the set J 136 = { Wa, CO2, CO, O2, N2, H2S, NH3, CH4, SO2, C, H, O, N, Norg, P, K, S, Rest, Cattle_slurry, Pig_slurry, P2O5, 137 K2O}. The following subsections summarize the assumptions employed to model each of the units. 138
3.1.-Biogas production section. 139
The model for the digester can be found in detail in León and Martín (2016) . In short, the composition of 140 the biogas is computed by formulating a mass balance. Experimental data are used to determine the yield toM A N U S C R I P T
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6 biogas from the waste. The remaining comprises the digestate. The digestate can only be used as a fertilizer if an 142 appropriate NPK index is achieved, the ratio of nitrogen, phosphorous and potassium in the residue. 143
The biogas processing through packed beds requires its compression to favour the removal of the 144 impurities, ammonia and sulphur dioxide, and to overcome the pressure drop. Each compression stage in the entire 145 process is modelled as polytropic. Eqs. (1)-(2) are used to compute the exiting temperature and the power 146 consumed, with temperatures in K and pressures in kPa. The efficiency of the compression stages is assumed to 147 be 0.85 (Walas, 1990 ) and the polytropic coefficient is assumed to be 1.4. 148
The first processing stage is the removal of ammonia and sulphur hydride. In principle two different beds 151 can be used. However, the small amount present in the biogas and to simplify the process, a single unit is modelled 152 consisting of two types of beds, one appropriate for the removal of ammonia, zeolites, and another for the removal 153 of H2S. The removal yield of both is assumed to be 100%. Ammonia is eliminated from the main stream by 154 adsorption, that it is favoured at low temperatures, 25ºC, and moderated pressures, 400-500 kPa. For the H2S 155 removal to be efficient under similar operating conditions a bed of Fe2O3 is installed (Rykenbosh et al., 2011). The 156 mechanism that governs H2S removal consists of the following chemical reaction: 157
The ammount of sulphur hydride in the stream does not suggest the need for further dehydration to 159 remove the water produced. The bed can be regenerated using oxygen as follows: 160 2Fe2S3 + 3O2 2FeO3+ 6S 161 3.2.-Hydrogen production section 162
Energy production 163
The power for water splitting as well as for the numerous compression stages involved is to be provided by 164 renewable resources. Solar PV panels and wind turbines are considered. 
180
The model of the electrolyzer consists of a mass balance given by the stoichiometry of the reaction. The 181 flowrate of the hydrogen and oxygen produced depends on the energy provided. The energy required to split water 182 is beyond that given by the water enthalpy of formation due to losses. A value of 175,000 kJ/kgH2 from the 183 literature is used to perform the energy balance to the electrolyzer (NEL Hydrogen, 2012). Water splitting from a 184 solution results in two gases phases, that of the oxygen and that of the hydrogen, saturated with water, ϕ=1. The 185 water flow accompanying the gases is computed using the vapor pressure of water (Sinnot, 1999) at the operating 186 conditions of the electrolyzer as per eqs. (5)-(8). 187 
For the purpose of the economic evaluation, a single electrolyser is assumed to produce 0.0124 kg H2/s 193 (NEL Hydrogen, 2012). 194
Both gas streams are treated before storage or further use. Following the path of the oxygen, the water is 195 condensed at 25ºC and recycled to the electrolyzer. The gas is still saturated with water at this pressure and 196 temperature and the flow of water in the gas phase is computed using eqs. (5)- (8). The heat capacities of the 197 species in the gas phase are symbolically integrated as a function of the temperature that is left as a variable. Next, 198 it is compressed to 450 kPa in a polytropic compressor modelled using eqs. (1)- (2), cooled down again to 25ºC and 199 dehydrated in a zeolite bed, assuming a water removal ratio of 99.97, before its final compression for storage at 9 200
MPa. The hydrogen stream is processed differently. After water condensation and compression to 450 kPa, the 201 traces of oxygen are removed in a deoxo reactor. The reactor operates at 90ºC. Thus, the hydrogen flow is heated 202 up in a heat exchanger, HX5. This heat exchanger is modeled based on energy and mass balances. In the reactor 203 water is formed from its constituents, see eq. (9). The reactor is modelled using the mass balance given by the 204 stoichiometry of the reaction, neglecting the heat of reaction. The conversion is assumed to be 99.7%. 205
Because of the formation of water, the stream is dehydrated right after the reaction using a zeolite bed 207 before the hydrogen is mixed with recycled hydrogen and biogas. Note that all streams are at 450 kPa at the mixing 208 point. 209
3.3.-Methanation stage 210
The methanation stage is a mature technology that has been studied over the years (Davies and Lihou, 211 1971) . The main challenge of the methanation of biogas is the already large amount of methane in the purified 212 biogas stream which determines the need for an excess of hydrogen. The high cost of renewable hydrogen defines 213 the flowsheet of this section. Two main reactions govern the methanation of CO2, the methanation, eq. (10), and 214 the water gas shift reaction, eq. (11). 215
The operating conditions of the reactor require adjustment of the feed temperature and pressure using 219 compressor 6 and HX9, modelled as a polytropic compressor using eqs. (1)-(2) and a mass balance and using 220 mass and energy balances respectively. The yield of the methanation is computed by the equilibrium constants of 221 eqs. (10)- (11) given by eq. (12), (Davies and Lihou, 1971 After the reactor, the gas product is cooled down and water condenses. The amount of condensed water 241 is computed using eqs. (5)- (8) and it is recycled back to the electrolyzer reducing water consumption. The excessM A N U S C R I P T
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of hydrogen required to achieve methanation is recovered using a palladium membrane that operates at the reactor 243 pressure. The membrane is modelled using a simple mass balance. Hydrogen is assumed to be obtained pure at 244 450 kPa for its recycle. A recovery of 97% is considered. Downstream of the membrane, a PSA system is added to 245 process the gas before feeding it to the natural gas grid. No further expansion of the biomethane is assumed. 246
4.-Solution procedure. 247
A multiperiod optimization formulation is developed to evaluate the possibility of processing and upgrading 248 the biogas from the organic matter within the urban waste over time considering the seasonal variability in wind and 249 solar energy. In the case of the use of wind energy, a two-stage procedure can be used. First, the optimal turbine 250 for the allocation can be selected based on de la Cruz and Martín's (2016) work. The second stage of the study is 251 the one presented in this work, having preselected a turbine. 252
Two operation modes are evaluated: a) Constant methane production based on the continuous 253 processing of waste or, due to the large investment required in hydrogen production, b) the biogas produced can 254 be stored and processed over time depending on the availability of wind/solar energy. 255 A) In the first operation mode, it is assumed that the chemical units from the facility will operate on a 256 continuous basis due to the need for processing a certain flowrate of waste. Therefore, the need for 257 wind turbines and /or solar panels will be based on the availability of energy sources and the fixed 258 biogas production rate. Along the operation, there could be an excess of power that can be directly 259 sold to the grid, no storage is considered in this study. The objective function for continuum 260 upgrading is given by eq. (18) and the system is modelled as described in section 3. The model 261 consists of 1,300 equations and 2,000 variables. The formulation is general to analyze facilities in any location and can be extended to hourly variations in 264 solar or wind availability. However, for the sake of the example monthly variability is considered. Finally, the investment and production costs of the two alternatives are estimated. Two cases of study are 281 considered, the same ones presented in Martín (2016) . One in a region with high solar incidence and moderate 282 wind speed, the South of Spain, and another one with high wind speed and low solar intensity, the North of the UK,
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in this way we cover the variability of renewable resources. Biogas is assumed to be stored within the digester for 284 the period of time required, since their design typically allows it. Biomethane is directly fed to the already existing 285 infrastructure and therefore, no storage cost is assumed. However, the formulation is general and can be used to 286 evaluate the most appropriate design for biogas upgrading as a function of the availability of solar and wind as well 287 as for the type of organic waste. 288
5.-Results 289
This section summarizes the results corresponding with the two cases of study, Spain and the UK, and the 290 two modes of operation, either continuum methanation of the biogas produced from the organic matter within 291 municipal waste, where the use of renewable sources will be variable following the availability of solar and wind, or Table 1 shows the main operating conditions of the major units involved in the process of biogas 298 upgrading using electrolytic hydrogen for the two cases of study and the two operating modes, either the 299 continuous operation of the biogas facility and therefore, the continuum production of hydrogen considering the 300 variation in the resource availability, solar and wind, or the optimal multiperiod operation of such a plant for the 301 same total flowrate of waste to process. In both cases of study, Spain and UK, variable operation is more efficient 302 to make the most of the use of wind and solar energy. Due to the high contribution of the turbines and panels to the 303 cost, and the possibility of storing biogas for a certain period of time, this alternative is the most promising. 304 305 To estimate the environmental advantage of the integrated facility developed in this paper, the CO2 308 emissions mitigated are estimated. By transforming the CO2 within the biogas into biomethane using solar or wind 309 power, instead of removing it, the production capacity of the facility increases by 44%, resulting in a larger 310 substitution of fossil-based natural gas. As a result, the CO2 mitigated by using this additional methane instead of 311 fossil CH4 is 10 times larger than the emissions due to the use of the wind turbines needed to provide the power 312 required (at 0.011 kg CO2/kWh) and 2.3 times the emissions generated when using PV panels (at 0.048
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kgCO2/kWh). Based on Table 1 , any of the modes of operation yields a facility with additional 2-and 10-times 314 reduction in CO2 emissions compared to the base case of the production of biogas. The integrated facility is cleaner 315 than the simple production of biogas as power source. The values for the CO2 emitted by the technologies are 316 taken from Schlömer et al. (2014) . Note that the emissions due to CO2 capture from methane would provide an 317 even larger advantage in favor of this design. 318 Figures 2 and 3 show the operating profiles for the continuum and variable biogas upgrading in Spain. 319 Figure 2 presents the relative usage of turbines and panels on a monthly basis, so as to be able to provide the 320 hydrogen required for methanation. Winter period, December and January, are the ones that require the largest 321 usage due the fact that solar is the main energy resource and its availability is limited. Figure 3 shows the monthly 322 production capacity of methane if the use of solar and wind energy is optimized. The profile is somehow the 323 opposite. In this case there is no need for wind turbines and the system makes the most of the summer period to 324 produce methane. Again, the possibility of storing methane provides an interesting alternative for this mode to be 325
attractive. 326
Figures 4 and 5 show the results for the second case of study, the UK. The high wind speeds and the wind 327 profile over time results in a more stable usage of turbines and solar panels in the case continuum biogas 328 methanation is considered. During fall both, panels and turbines, reach full or close to full usage. Opposite to the 329 case of Spain, turbines are used up to a higher lever due to the larger availability of wind energy. Figure 5 shows 330 the monthly production capacity to make the most of air velocity and solar energy. In this case, the number of wind 331 turbines to purchase is less than half the previous mode of operation, see Figure 4 . The production capacity of 332 methane is higher in spring and fall, but more regular over time than in the case of Spain. 
5.2.-Economic evaluation. 351
In spite of the wide use of cost estimations, it is still an art. Different methods can be found in the literature 352 but most of them rely on the estimation of the equipment cost. In particular the factorial method in Sinnot (1999) is 353 used to evaluate the processing and investment cost. The typical estimation error using this procedure is around 354 20-30% (Sinnot, 1999) . 355
The investment cost of the integrated facility that upgrades biogas into biomethane uses the factors of a 356 plant that processes fluids and solids, to estimate the fixed and total investment costs from the cost of the units. 357
Note that the cost of the wind turbines (Davis and Martín, 2016) and overheads represent 7.5% of the direct costs (fees plus FC) and 5% of the FC respectively. The plant start-up 369 cost is considered to be 3.5% of the investment. The sum of FC plus the fees and the start-up represent the 370 investment cost (IC). 371
Apart from the investment cost, the biomethane production costs are estimated. The competitiveness of 372 this facility relies on biomethane cost to be comparable with natural gas, the fossil counterpart that aims to 373 substitute. The average annual cost is estimated considering items such as labor costs, assumed to be 0.4% of IC, 374 unit maintenance, 1.1% of FC, amortization, assumed to be linear with time over 20 years, the taxes, 0.5% of IC, 375 overheads, 1% IC, and administration, estimated as 5% of the labor, maintenance, amortization, taxes and 376 overheads. 377 M A N U S C R I P T Table 2 summarizes the investment and production costs. Figure 6 shows the breakdown of the 378 production costs for continuum a) and variable operation, c) and the share of the three major sections of the 379 process for continuum b) and variable operation d) in Spain and Figure 7 presents the results for UK under the 380 same scenarios of operation. The most competitive costs are obtained when solar and/or wind energy are used in a 381 more efficient way due to the current large costs of the collecting devices such as wind turbines and solar panels. 382
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Thus, if possible, it is more interesting to store the biogas for a longer period of time so as to upgrade it when the 383 energy is available. Note that storage and distribution are assumed at no cost as if already belonging to the natural 384 gas existing infrastructure and using the multiple digesters as biogas storage tanks. By upgrading the biogas 385 following the availability of solar or wind energy, competitive costs for methane can be obtained. However, the 386 continuum production of methane results in the need for a larger number of pieces of equipment to collect solar or 387 wind energy due to their time variability. Current prices of the PV panels result in high costs for upgrading biogas 388 using solar energy. However, while the use of turbines is more economic nowadays, in the next 30 years their price 389 is expected to decrease only by 25%, while the price of PV panels is expected to decrease by 90% (Sanchez and 390
Martín, 2018). Another interesting result is the fact that under the expected prices for collecting devices by 2050, 391 the continuum operation in the UK is better than that following the availability of solar and wind energy. This is an 392 attractive fact since the operation is more flexible depending in the demand. Under these expected conditions solar 393 and wind the prices are competitive with current natural gas but also between the two places since the production 394 and investment costs will be reduced below 5 €/MMBTU. 395 6.-Conclusions.
412
In this work biogas has been upgraded to natural gas composition via methanation using renewable 413 hydrogen. The plant uses solar and/or wind energy for the production of hydrogen via electrolysis. In parallel waste 414 M A N U S C R I P T
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has been anaerobically digested into biogas. Finally, the CO2 within the biogas is converted into methane using the 415 renewable hydrogen. The excess is separated using a membrane and recycle. Two allocations, Spain and UK, and 416 two modes of operation, optimal usage of solar or wind and continuum upgrading of biogas are evaluated. To 417 address each mode of operation, different models and optimization procedures are developed. 418
The optimization allows determining the optimal operating conditions in all the units. In terms of operation, 419 the high cost of wind turbines and solar panels suggest the temporary storage of biogas and the optimization of the 420 use of wind and solar. The comparatively higher cost of the solar panels results in the fact that upgrading in the UK 421 is cheaper than in Spain under current prices. However, the expected decrease in about 90% of the cost of PV 422 panels over the next 30 years compared to the relatively small 25% decrease in the wind turbine costs is expected 423 to equalize the costs. 
